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Summary
The cilium is a specialized extension of the cell in which
many specific proteins are admitted and retained, while
many others are excluded or expelled. In order to maintain
the organelle, the cell must possess mechanisms for the
selective gating of protein entry, as well as for the targeted
transport of proteins to the cilium from their sites of synthe-
sis within the cell [1–4]. We hypothesized that the cell
employs cytoplasmic vesicles as vehicles not only for the
transport of proteins destined for the ciliary membrane but
also for the transport of axonemal proteins to the cilium by
means of peripheral association with vesicles. To test this
hypothesis, we employed two different experimental strate-
gies: (1) isolation and biochemical characterization of cyto-
plasmic vesicles that carry ciliary proteins, and (2) in situ
localization of ciliary proteins on cytoplasmic vesicle sur-
faces using gold labeling and electronmicroscopy. Our find-
ings indicate that structural proteins destined for the ciliary
axoneme are attached to the outer surfaces of cytoplasmic
vesicles that carry integral ciliary membrane proteins during
the process of ciliary growth.
Results
Isolation of a Class of Cytoplasmic Vesicles that Carry
Proteins of the Ciliary Membrane and Axoneme
To obtain a vesicle-rich cytoplasmic extract, we subjected
cell wall-less Chlamydomonas to a brief pulse of mechanical
stress using a motor-driven blade. Under these conditions,
the cells released cytoplasm and vesicles but remained largely
intact, retaining most large organelles such as nuclei, chloro-
plasts, and mitochondria. Following the removal of cell bodies
and debris by low-speed centrifugation, membrane vesicles
were separated from the cytoplasmic extract by flotation
up through a seven-step discontinuous OptiPrep (iodixanol)
density gradient. After flotation-centrifugation, visibly promi-
nentmembrane bandswere observed at each of the gradient’s
six density interfaces (Figure 1A). SDS-PAGE and immunoblot
analysis of each of these membrane bands revealed that the
integral flagellar membrane protein PKD2 (polycystic kidney
disease 2) [5] floated to the top of the 20% gradient layer.
The membrane band at this 20% layer also carried the intrafla-
gellar transport (IFT) protein IFT46 and axonemal radial spoke
proteins (RSPs) (Figure 1B). Negative staining and electron
microscopy (EM) revealed the band at the 20% layer to be
composed of floated membrane vesicles, ranging in diameter
from 60 to 100 nm (Figure 1C).
Immunogold labeling of the membrane vesicles obtained
from the 20% gradient layer showed that IFT46, RSPs,*Correspondence: joel.rosenbaum@yale.edua-tubulin, and an epitope of the membrane-spanning protein
PKD2 could all be found on the outside surfaces of the intact,
isolated cytoplasmic vesicles (Figures 1D1–1D5). With immu-
nogold colabeling and differential silver enhancement, RSP3
(larger silver-enhanced gold particles in Figures 1D6–1D9)
could be found on the same vesicles as PKD2 and IFT46
(smaller silver-enhanced gold particles in Figures 1D6–1D9).
As observed in previous studies of cytoplasmic vesicle
membrane protein complexes, such as the BBSome and cla-
thrin [6], a small fraction of the total protein was floated on ves-
icles, whereas much of it remained partitioned in the bottom,
dense layer of the gradient (Figure 1B, 30% and B). These
dense, non-vesicle-associated portions of IFT and RSPs likely
derive from the large accumulations of these proteins found in
the cell at the bases of cilia. Indeed, it is known that greater
than 80% of the total complement of IFT protein is located
not as trains within the flagella, but in the cell body, accumu-
lated in a pool where the transitional fibers contact the pericili-
ary membrane [7, 8]. RSPs are observed to accumulate in the
same location ([9–11]; Figures 3L and 3M). According to our
model (see below), these accumulated pools of ciliary proteins
are a result of the exocytosis of cytoplasmic vesicles that carry
ciliary proteins on their outer surface, thus positioning their
ciliary protein cargo on the inner surface of the cell membrane.
These postexocytosis, periciliary pools represent the likely
source of the substantial amounts of IFT protein and RSPs
that are not vesicle associated in the cytoplasmic extracts
analyzed by density gradients in Figure 1. In the presence of
1% Triton X-100 detergent, all of the flagellar proteins re-
mained at the bottom layer of the gradient (data not shown),
indicating that it was their association with membrane that
floated some of them up to the interface at the top of the
20% OptiPrep layer.
The Appearance of Ciliary Proteins on Cytoplasmic
Vesicles Is Amplified during Flagellar Regeneration
Because it has been clearly demonstrated that flagellar protein
synthesis is upregulated in cells with regenerating flagella [12,
13], cytoplasmic membrane vesicles were obtained from Opti-
Prep gradients, as above, from two populations of cells for
comparison: one population in an early stage of synchronous
flagellar growth (regenerating), and a control population with
full-length flagella. Equal amounts of protein from both 20%
OptiPrep vesicle fractions were compared by SDS-PAGE
and immunoblotting (Figure 2). Silver-stained polyacrylamide
gels showed several band differences between vesicles from
control cells and vesicles from cells with regenerating flagella
(the most prominent differences are marked by asterisks in
Figure 2). Immunoblots indicated that the amounts of several
ciliary proteins were increased in the vesicle fraction from re-
generating cells. These included the major flagellar membrane
glycoprotein (FMG-1) and PKD2 of the flagellar membrane, as
well as tubulin and RSPs of the flagellar axoneme (Figure 2).
The amount of IFT46 associated with vesicles increased little
during regeneration, perhaps reflecting the more general role
for vesicle-associated IFT in vesicle trafficking suggested
elsewhere [14–16]. Probing of these immunoblots with anti-
bodies specific for proteins of the chloroplast membrane
Figure 1. Isolation of Cytoplasmic Vesicles with Associated Ciliary Proteins
(A) Cytoplasmic extract, obtained by mechanical disruption of cells, was placed at the bottom of a seven-step, discontinuous OptiPrep (iodixanol) density
gradient. During high-speed centrifugation, various classes of membrane vesicles in the extract float up to different interfaces of the gradient according to
their density (bands indicated by white arrowheads).
(B) Isolated gradient fractions were subjected to SDS-PAGE and analyzed on immunoblots probed with antibodies specific for ciliary membrane and
axonemal proteins. The class of membrane vesicles that floats to the 20% gradient interface carries with it PKD2, IFT, and radial spoke proteins (RSPs).
A fraction from the bottom of the gradient (30%) was loaded to the lane labeled ‘‘B.’’
(C) The fraction at the 20% gradient interface was determined by negative staining and TEM to be composed of membrane vesicles ranging in diameter from
w60 to 120 nm. The scale bar represents 100 nm.
(D) Silver-enhanced immunogold labeling of intact, negatively stained vesicles from the 20% gradient interface fraction showed the presence of PKD2,
IFT46, RSPs, and a-tubulin on their outside surfaces (1–5). Double labeling performed sequentially with differential silver enhancement revealed that
RSP3 (larger silver-enhanced gold particles) could be found associated with the same vesicles as PKD2 and IFT46 (smaller silver-enhanced gold particles)
(6–9). The scale bar in (D1) represents 50 nm.
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1115(photosystem II protein D1, PsbA), mitochondrial membrane
(alternative oxidase 1 [AOX1]), and plasma membrane (H+
adenosine triphosphatase [H+ATPase]) gave negative results,
indicating that these membrane compartments are not signif-
icant contaminants of the vesicle preparation (see Figure S1
available online). When compared by SDS-PAGE and immuno-
blotting, the bottom, 30% OptiPrep layers from regenerating
and control cells did not show a detectable difference in their
respective levels of IFT, RSP, or a-tubulin (Figure S3).Localization of Ciliary Proteins on Cytoplasmic Membrane
Vesicles In Situ during Ciliary Growth
To verify that the gradient coflotation of axonemal proteins
with membrane vesicles was indeed due to an association of
these proteins with cytoplasmic vesicles in situ, and not the
result of contamination of the isolated vesicle fraction with
axonemal proteins during cell disruption, cells harvested dur-
ing flagellar growth were observed by thin-section transmis-
sion electron microscopy (TEM) with gold antibody labeling.
Figure 2. Proteins of the Ciliary Membrane and Axoneme Associate with
Cytoplasmic Vesicles in Increased Amounts during Flagellar Regeneration
The 20% interface vesicle fraction was obtained from control (full-length
flagella) cells and cells undergoing flagellar growth (regenerating) and was
compared by SDS-PAGE and immunoblotting. Shown to the left are sil-
ver-stained SDS-PAGE gels resulting from equal protein loads of control
and regenerating vesicle fractions. Prominent band differences are given
asterisks. Shown to the right are immunoblots probed with antibodies spe-
cific for the indicated ciliary proteins.
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1116First, the in situ localization of PKD2, as a representative
protein of the flagellar membrane, was examined [5]. Newly
forming flagella (Figure 3, marked with dotted outlines) were
labeled with clusters of antibody-conjugated gold particles
specific for PKD2. This was particularly evident in tangential
sections through the budding flagellar membrane, such as
the one shown in Figure 3A. As expected, PKD2-specific
gold particles were also found on membrane vesicles in the
region of cytoplasm beneath the growing flagella (Figure 3A).
Next, the in situ localizations of RSPs, as representative pro-
teins of the flagellar axoneme, were examined. RSP-specific
gold particles labeled growing flagella (Figures 3C, 3D, and
3H) and were also routinely observed clustering at the periph-
ery of vesicles in the cytoplasm (Figures 3B–3D, 3N, and 3O).
In order to assess quantitatively for antibody specificity and
to control for nonspecific background labeling, the in situ gold
localization experiments were repeated with an RSP3 null
mutant (pf14) that had been rescued with a hemagglutinin-
tagged version of RSP3 (RSP3-HA) [10]. In the RSP3-HA-ex-
pressing cells, HA-specific antibodies gave the same pattern
of localization observed with RSP-specific antibodies in
wild-type cells during regeneration (Figures 3N and 3O). The
amounts of HA gold clusters per unit area of nucleus, chloro-
plast, and cytoplasmwere quantified in RSP3-HA cell sections
and in wild-type control cell sections lacking the HA epitope
(Figure S2A). A comparison between RSP3-HA and wild-type
control sections revealed a low level of nonspecific back-
ground labeling in the nucleus and chloroplast regions that re-
mained constant whether or not the HA epitope was present.
However, in the region of cytoplasm between the nucleus,
chloroplast and basal bodies, where cytoplasmic vesiclesare found, the number of RSP3-HA gold particle clusters per
unit area was several-fold higher in the RSP3-HA cell sections,
with only a low level of nonspecific labeling found in wild-type
controls. The distance between each RSP3-HA-specific gold
particle cluster found in the cytoplasm and the nearest vesicle
membrane surface was measured. The distribution of dis-
tances, displayed graphically in Figure S2B, shows that nearly
all RSP3-HA-specific labeling in the cytoplasm resided adja-
cent to vesicle membrane surfaces (a distance measurement
of zero). These findings indicate that the cytoplasmic vesicle
labeling specific for RSP3 is not the result of nonspecific back-
ground labeling and, more importantly, that the associations
observed between axonemal RSPs and isolated vesicles could
be corroborated in situ.
Localization of Ciliary Axonemal Proteins in a Pool at the
Periciliary Membrane
Striking accumulations of both RSP3 and IFT46were observed
at the bases of flagella by immunofluorescence localization
(Figures 3J–3M). The accumulation of RSPs, at the resolution
afforded by wide-field fluorescence microscopy, is character-
ized by a bright lobe of fluorescence in the region of each basal
body with an arm of fluorescence extending interiorly, within
the so-called ‘‘zone of exclusion’’ terminating near the nucleus.
This matches the characteristic pattern of fluorescence locali-
zation observed for IFT46 and other IFT complex B proteins
(Figures 3L and3M; [9–11]). A previous TEM immunogold label-
ing study identified the transitional fibers at thebasesof flagella
as the docking sites for IFT particles [7]. Here, in TEM cross-
sections through the region at the base of the flagellum where
transitional fibers are visible, clusters of RSP-specific gold par-
ticles localized specifically to the point of contact between the
transitional fibers and the cell membrane, the same pattern
observed previously for the IFT complex B protein IFT52 (Fig-
ures 3E–3G) [7]. In longitudinal sections through this region
of the cell membrane at the bases of flagella, large clusters of
RSP-specific gold particles were observed (Figures 3H and
3I). These findings suggest that theRSPs associatedwith cyto-
plasmic vesicles during flagellar growth are ultimately deliv-
ered to a pool of axonemal cargo together with IFT proteins
at the cell membrane where transitional fibers are attached.
Discussion
A substantial upregulation of synthesis of flagellar proteins
occurs in Chlamydomonas soon after the removal of flagella
[12, 13]. With this burst of protein synthesis, cells quickly begin
the regeneration of new flagella within a duration of only a few
minutes. Because the ciliary membrane and its specialized set
of membrane-spanning proteins ultimately derive from a post-
Golgi vesicle source, a route of transit exists in which cyto-
plasmic vesicles carry ciliary membrane proteins from their
sites of synthesis within the cell. Little is known, however,
about how non-membrane-spanning proteins arrive at the
cilium. How do structural proteins of the axoneme such as
radial spokes and tubulin, for example, travel from their cyto-
plasmic site of synthesis on free polysomes to their point of en-
try at the base of the cilium? We hypothesized that axonemal
proteins are carried peripherally on the outside surfaces of
vesicles already on their way to deliver ciliary membrane pro-
teins and lipids to the growing cilium.
We document here the finding that structural proteins,
destined for incorporation into theassembling ciliary axoneme,
are associatedwith cytoplasmic vesicles during the process of
Figure 3. In Situ Immunogold Labeling of Ciliary Membrane and Axonemal Proteins during Flagellar Regeneration
(A) White arrows indicate PKD2-specific gold particles clustering on the membrane of a newly forming Chlamydomonas flagellum (emphasized by dotted
outline) and on membrane vesicles nearby in the cytoplasm.
(B–D) In addition to labeling the growing axoneme (C and D), gold particles specific for radial spoke proteins are observed on the surface of membrane ves-
icles in the cytoplasm beneath newly forming flagella (RSP1, RSP2, and RSP3; white arrows).
(E–G) Cross-sections proximal to the base of newly forming flagella show transitional fibers radiating from basal bodies. RSP-specific gold particles are
found clustered at the cell membrane where transitional fibers terminate (indicated by white arrows).
(H and I) An rsp3 null mutant cell line was rescued with an HA-tagged version of RSP3. Immunogold labeling with HA-specific antibodies showed labeling of
newly forming flagellar axonemes (H, C1 and C2), and large clusters of RSP3-HA-specific gold particles were found at the region where transitional fibers
attach to the cell membrane at the base of flagella (H, C1, and I; indicated by white arrows).
(legend continued on next page)
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Figure 4. A Model for the Movement of Ciliary
Proteins from the Cytoplasm to the Base of the
Cilium by Association with Cytoplasmic Vesicles
(A) Step 1: IFT proteins (green) and axonemal pro-
teins (red) are synthesized on free polysomes
(blue) in the cytoplasm. Step 2: IFT proteins asso-
ciate with the outer surface of cytoplasmic vesi-
cles. Step 3: axonemal proteins associate with
IFT complexes on the surface of cytoplasmic ves-
icles. Step 4: IFT and axonemal protein com-
plexes are delivered to the inner surface of the
cell membrane following fusion (exocytosis) of
cytoplasmic vesicles. Step 5: IFT trains carrying
axonemal proteins emerge from a membrane-
associated pool of complexes around the transi-
tional fibers (yellow) at the ciliary base.
(B) Cartoon representation of a cross-sectional
view through the region where the transitional fi-
bers radiate from the basal body to their points
of contact with the cell membrane at the base of
the cilium. A pool of IFT and axonemal proteins
accumulates at the place where transitional fibers
meet the membrane.
(C) Cartoon representation of a longitudinal
sectional view through the base of the cilium.
Transitional fibers (yellow) extend from the basal
body to the cell membrane. IFT trains are shown
originating from the membrane-associated pool
of IFT and axonemal proteins observed where
the transitional fibers meet the cell membrane.
The locations of membrane-spanning ciliary pro-
teins within this model are shown in purple.
(D) A key showing the shapes used in the illustra-
tion and their corresponding cellular components.
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1118ciliary growth. By utilizing a unique set of advantages offered
by the Chlamydomonas flagella-regenerating system, we
have visualized these vesicles in isolation as well as in situ
and show that they carry proteins of both the membrane and
axoneme of the cilium. Our data indicate that the association
of axonemal proteins with cytoplasmic vesicles is significantly
increased andmore readily detected during flagellar regenera-
tion, a time when production of these proteins is upregulated
(Figure 2) [12]. Previous studies have identified an association
between IFT proteins and cytoplasmic membrane vesicles in
a variety of cell types [11, 14–18]. However, the detection of a
transient, peripheral association between axonemal proteins,
such as RSPs, and vesicles may necessitate that the system
under study be in the process of actively building a new cilium.
A cell that is not in the process of growing a new ciliummay be
engaged in little cytoplasmic trafficking of axonemal proteins
to the ciliary base. Consistent with this is the observation
that, like IFT proteins, RSPs accumulate in a substantial pool(J–M) Immunofluorescence localization with antibodies specific for RSP3-HA (J and K) and IFT46 (L an
flagellar base, consistent with the immunogold localization results.
(N and O) Representative images of RSP3-HA-specific gold particles observed on membrane vesicles in t
by white arrows).
Scale bars represent 200 nm.at the base of the flagellum (Figure 3).
Given such a stockpile of RSPs, it is not
surprising that one detects little associa-
tion of RSPswith cytoplasmic vesicles in
the nonregenerating cell (Figure 2).
Central to the model proposed in Fig-
ure 4 is the association of IFT proteins
with membrane vesicles following their synthesis in the cyto-
plasm on free polysomes. It has been proposed, based on
the homology of IFT proteins to components of the coat pro-
tein I (COPI) and clathrin vesicle coat proteins, that IFT evolved
from a specialized form of coated vesicle transport [19–21].
Since this proposal, multiple studies have provided evidence
for the involvement of IFT proteins in vesicle trafficking and
exocytosis. An association between IFT20 andmembrane ves-
icles of the Golgi complex was observed in mammalian cells,
and this cytoplasmic membrane localization was required for
the vesicle trafficking of membrane proteins to the cilium
[17, 18]. Several IFT components are expressed in nonciliated
T lymphocytes, where they play a role in vesicle exocytosis
and are required for immune synapse formation [14]. The asso-
ciation of IFT proteins with cytoplasmic vesicles was further
documented by immuno-EM showing IFT proteins in situ on
post-Golgi vesicles in photoreceptor cells, and on vesicles in
the postsynaptic terminals of nonciliated secondary neuronsd M) shows similar patterns of localization at the
he cytoplasm beneath growing flagella (indicated
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1119in mice [15]. IFT proteins have also been found by immuno-EM
on vesicles around the forming mitotic cleavage furrow of
Chlamydomonas [11]. Thus, there are precedents for the asso-
ciation of IFT proteins with membrane vesicles in the cyto-
plasm as illustrated in the model proposed here.
Although the results of our immunogold colabeling experi-
ments indicate that RSPs can be found on the same cyto-
plasmic vesicles that are carrying IFT proteins (Figures
1D6–1D9), it is possible that RSPs bind vesicle membranes
directly, or via an intermediary other than IFT proteins. Evi-
dence of a direct association between tubulin and membrane,
for example, has been reported [22–25]. It is possible that the
vesicle association of RSPs reported here takes place be-
tween the membrane and IFT proteins or occurs indepen-
dently of membrane-associated IFT proteins. This scenario
would be in contrast to the order of events proposed in Fig-
ure 4, where IFT proteins are depicted as associating with
membrane vesicles first and mediating the membrane vesicle
association of axonemal proteins like RSPs. Figure 2 shows
that only trace amounts of RSPs are detected in association
with cytoplasmic vesicles isolated from control cells that are
not actively building flagella. IFT46, however, is detected in
appreciable amounts on cytoplasmic vesicles isolated from
both control and regenerating cells (Figure 2). This finding sug-
gests that the vesicle membrane association of IFT proteins is
not dependent on axonemal cargo binding, and that RSPs, for
example, are not associating with membrane vesicles first and
then recruiting IFT proteins.
The prevailing idea is that IFT complexes bind axonemal
cargos and mediate their transport within the cilium, and
high-resolution EM tomographic studies have revealed a tight
association of IFT complexes with the inner surface of the
ciliary membrane [26]. Our findings show that IFT proteins
and axonemal cargoes are both found on cytoplasmic vesicles
during flagellar growth, and that axonemal cargoes are subse-
quently found accumulated together with IFT proteins at the
point of contact between transitional fibers and the cell mem-
brane (Figure 3). Taken together, this information suggests
that IFT complexes assemble onmembrane surfaces following
IFT protein synthesis and tend to maintain an association with
membrane while carrying out their cellular functions.
The cilium is a dynamic cell organelle whose formation and
maintenance require a membrane flux [27]. The provision of
newmembrane to the cilium takes place in the form of vesicles
that travel to and fuse with its adjoining cell membrane. In
addition to this process, cilia also require a flux of soluble,
non-membrane-spanning proteins in order to build and
maintain their dynamic architecture. The data reported here
showing that axonemal proteins associate with the outside
surface of cytoplasmic vesicles during ciliary growth suggest
that the cell is coupling the delivery of structural components
with the delivery of membrane. A cell biological process
such as this would provide an efficient solution that satisfies
two needs with essentially one transport modality.Experimental Procedures
Cell Culturing and Extraction of Cytoplasm
Chlamydomonas reinhardtii strains used in these studies included cell wall-
less strain cw15 (Chlamydomonas Culture Center) and paralyzed flagella
strain pf14, which was rescued by expression of an HA-tagged RSP3 [28].
For extraction of cytoplasm, cw15 cells were cultured in 8 l of M1 medium
[29] on a light-dark cycle of 12:12 hr at 18C with constant aeration. When
a density of 106 cells/ml was reached, cells were harvested by low-speed
centrifugation, resuspended in M1 medium, and deflagellated by pH shockas previously described [30, 31]. During the first fewminutes of synchronous
flagellar regeneration, cells were harvested by centrifugation, and their cyto-
plasm was extracted by mechanical disruption with an Omni-Mixer (Sorvall)
as previously described [10]. A clarified cytoplasmic extractwas obtainedby
centrifugation at 16,000 3 g for 15 min to remove cells and debris.
Isolation of Cytoplasmic Vesicles
Separation of vesiclemembranes from thecytoplasmic extractwas achieved
by flotation-centrifugation through a seven-step, OptiPrep (Sigma-Aldrich)
gradient. A mixture of 2 ml cytoplasmic extract and 2 ml 60% OptiPrep was
loaded to the bottomof a 15ml ultracentrifuge tube. Additional 1ml OptiPrep
layers of 25%, 20%, 15%, 12%, 10%, and 5%, diluted with HMDEK buffer
(10 mM HEPES [pH 7.2], 5 mM MgSO4, 1 mM dithiothreitol (DTT), 0.5 M
EDTA, and 25 mM KCl), were sequentially overlaid by pipette to create
the discontinuous step gradient. Gradients were centrifuged for 3 hr at
200,000 3 g. Following flotation-centrifugation, membrane bands were
visible to the naked eye at each density interface and were extracted manu-
ally by pipette. The preparations of plasma membranes and flagellar mem-
branes used in Figure S1were obtained using previously publishedmethods
[5, 32].
Immunoelectron Microscopy
For detailed immunogold labeling methods, please see the Supplemental
Experimental Procedures.
Immunofluorescence Microscopy
Wide-field immunofluorescence microscopy was performed according to
previously published methods [11].
Supplemental Information
Supplemental Information includes three figures and Supplemental Experi-
mental Procedures and can be found with this article online at http://dx.doi.
org/10.1016/j.cub.2014.03.047.
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